study question: Do DPY19L2 heterozygous deletions and point mutations account for some cases of globozoospermia? summary answer: Two DPY19L2 heterozygous deletions and three point mutations were identified, thus further confirming that genetic alterations of the DPY19L2 gene are the main cause of globozoospermia and indicating that DPY19L2 molecular diagnostics should not be stopped in the absence of a homozygous gene deletion.
the localization of this mutation and the physicochemical properties of the substituted amino acids, we believe that this variant is likely to disrupt one of the protein transmembrane domains and destabilize the protein. Overall, 84% of the fully analysed patients (n ¼ 31) had a molecular alteration of DPY19L2. There was no clear phenotypic difference between the homozygous deleted individual, patients carrying a point mutation and undiagnosed patients.
limitations, reasons for caution: Globally poor fertilization rates are observed after intracytoplasmic sperm injection of round spermatozoa. Further work is needed to assess whether DPY19L2 mutated patients present a better or worse prognostic than the non-diagnosed patients. Evaluation of the potential benefit of treatment with a calcium ionophore, described to improve fertilization, should be evaluated in these two groups.
wider implications of the findings: In previous work, deletions of DPY19L2 had only been identified in North African
Introduction
Approximately 15% of all couples are confronted with infertility (Evers, 2002; Gurunath et al., 2011) . A male factor is believed to be present in nearly half the cases, often manifested by a qualitative and/or quantitative defect of sperm parameters. Globozoospermia (MIM #613958), characterized by the presence in the ejaculate of a majority of roundheaded spermatozoa devoid of acrosome, is a rare (incidence ,0.1%) but severe disorder in male infertility (Dam et al., 2007a) . In a previous work, we demonstrated that a recurrent homozygous deletion of the DPY19L2 gene was found in a large majority of globozoospermia patients. This 200 kb deletion encompasses the totality of DPY19L2 coding sequence without infringing on other surrounding genes . The mechanism leading to the deletion of DPY19L2 is based on the non-allelic homologous recombination (NAHR) between two highly homologous sequences, or low-copy repeats (LCR), surrounding the breakpoint regions. DPY19L2 deletion which has been described to account for 75% and 19% (Koscinski et al., 2011) of studied patients is now recognized as the mutation responsible for most cases of globozoospermia. As a NAHR caused by the presence of a highly homologous LCR, this mutational event is expected to be recurrent. Analysis of public databases compiling data from comparative genomic hybridization experiments in the general population showed the presence of heterozygous deletions centred around DPY19L2 at a frequency of about 1/220, implying a theoretical disease frequency close to 1/200 000, which is concordant with the rarity of the phenotype. DPY19L2 is a transmembrane protein ) of yet unknown function. Previous work has indicated that DPY-19, a DPY19L2 ortholog in Caenorhabditis elegans, is involved in the establishment of cell polarity in the worm (Honigberg and Kenyon, 2000) , a function coherent with the failure to achieve sperm head elongation that is observed in our patients.
Other genetic causes are, however, involved in globozoospermia. A mutation in SPATA16, encoding a protein present in the Golgi vesicules of spermatids which serve to fill the acrosome, was described to be responsible for a familial case of globozoospermia (Dam et al., 2007b) . No other SPATA16 mutations could, however, be identified in a large cohort of globozoospermic patients (Dam et al., 2007b) . Recently, using a candidate genes strategy, heterozygous mutations in ZPBP1 were described in patients presenting with abnormal sperm head morphology, but their involvement in the disease has not been formally demonstrated (Yatsenko et al., 2012) . Similarly, a homozygous missense PICK1 mutation was identified in a Chinese family (Liu et al., 2010) , however, with only one familial case it is also difficult to make formal conclusions. Several knockout mice have also been described to present a globozoospermia-like phenotype when the following genes are mutated: Csnk2a2 (Xu et al., 1999) , Hrb (KangDecker et al., 2001), Gopc (Yao et al., 2002) , Pick1 (Liu et al., 2010) , Hsp90b1 (Audouard and Christians, 2011) , Vps54 (Paiardi et al., 2011) and Zpbp1 (Lin et al., 2007) . Only a few mutations have been identified in the human orthologs of theses genes, but with no formal proof of causality. Overall, these data suggest that despite a common phenotype, globozoospermia is somewhat phenotypically heterogenous and genetically heterogenous but with a predominance of cases involving DPY19L2. The full involvement of DPY19L2 has, however, not been investigated as DPY19L2 nondeleted patients have not been sequenced to identify DPY19L2 point mutations.
In order to fully assess the involvement of DPY19L2 in globozoospermia, we analyzed a large cohort of globozoospermia patients. When a positive diagnosis was not obtained (absence of a homozygous deletion), a sequence analysis of DPY19L2 22 exons was carried out to search for potentially deleterious nucleotide variants. We identified three novel point mutations in DPY19L2 confirming the prevalence of DPY19L2 mutational events in globozoospermia (Fig. 1) . Ultimately, these new findings might help improve our understanding of the structure-function of the protein and its role in acrosome formation and sperm head elongation.
Materials and Methods

Patient and control individuals
We included in this study the 20 patients described in Harbuz et al. (2011) . We had reported that 15 out of 20 patients with globozoospermia had a homozygous deletion of the DPY19L2 region. Multiplex Ligationdependent Probe Amplification (MLPA) was carried out here on the five non-deleted patients. Unfortunately, we ran out of DNA for three patients and could not obtain any additional biological material. Sequence analysis could therefore only be carried for the two remaining patients.
An additional 14 unrelated and unpublished globozoospermic patients were included. These patients were analysed by MLPA and genomic sequencing of all exons and intron-exon junctions was carried out on all who did not carry a homozygous deletion.
Overall, 24 patients consulted for infertility in Tunisia and were of Tunisian origin, and of the 10 who consulted in France, 6 were of North African origin.
A total of 200 anonymous individuals were screened by high-resolution melting (HRM). All had agreed to donate their DNA for research purposes. The fertility of these individuals was not documented. All were French citizens. Half (100) were of North African origin (Algeria, Morocco and Tunisia) and half were of European origin. All patients and anonymous donors gave their written informed consent, and all national laws and regulations were respected.
Sperm analysis
Sperm analysis was carried out in the source laboratories during the course of the routine biological examination of the patient, according to World Health Organization (WHO) guidelines (WHO, 1999) . Small protocol variations might be observed between the different laboratories. The different parameters were compared between the different groups (Table I ) using a two-tailed t-test.
Molecular analyses
DNA extraction
DNA was extracted from blood or saliva. Blood DNA extraction was carried out from 5 to 10 ml of frozen EDTA blood using the quick guanidium chloride extraction procedure (Jeanpierre, 1987) . Saliva was collected with an Oragene DNA Self-Collection Kit (DNAgenotech, Canada) and DNA extraction was performed using the manufacturer's recommendations.
Mutation detection
The 22 DPY19L2 exons and intronic boundaries were amplified as indicated in Table II . Sequencing analyses were carried out using the BigDye Terminator v3.1 sequencing kit and an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) using protocols described in Ben .
The nomenclature of the identified variants was established according to Human Genome Variation Society (HGVS) as indicated in: www.hgvs.org/ rec.html.
Sequence numbering referred to NP_776173.3 for the protein sequence and to DPY19L2-001 ENST00000324472 for the cDNA sequence.
HRM analysis
HRM analysis was performed with the LightCycler 480 (Roche), using the LightCycler 480 HRM master kit. Results were analyzed with the Gene scanning software (Roche) as described in Harbuz et al. (2010) .
MLPA analysis
The design of the MLPA probes, MLPA reaction and data analysis were performed according to the recommendation of the MRC-Holland synthetic protocol (www.mlpa.com).
For this study, three synthetic MLPA probes specific for exons 1, 17 and 22 of DPY19L2 were designed (Table III) . Because of the high homology between DPY19L2 and the other DPY19L paralogs and pseudogenes, MLPA probes were designed in order to match specific DPY19L2 single nucleotide mismatches at the ligation site (Schouten et al., 2002) . In addition, three MLPA control probes specific to the OCRL1 gene were included to serve as control probes for copy number quantification. Information about sequences and ligation sites of these control probes can be obtained in Coutton et al. (2010) . The comparative height of the control probes 
Patients
Homozygous deleted (n 5 23) Point mutation carriers (n 5 3) No identified mutation (n 5 5)
Sperm volume (ml) 3.5 (1.7-7.5) 5.6 (3.7-7.5) 3.2 (0.9-6.3)
Nb spz (×10 6 per ml) 60 (0.6-108) 37.1 (7.5-53) 20 (14-25)
Round cells ( ×10 6 with target probes allows access to the number of target copies present in the sampled DNA (Fig. 2) .
In-silico analyses of sequence variants and prediction of protein conformation
The pathogenicity of the identified false sense variants was evaluated using the MutPred (http://mutpred.mutdb.org/) and MuStab (http://bioinfo. ggc.org/mustab/) webserver as recommended by Thusberg et al. (2011) . The potential effect of these variants on RNA splicing was assessed with http://www.umd.be/HSF/ (Yeo and Burge, 2004; Desmet et al., 2009) . Protein alignments [DPY19L2 paralogs and orthologs ( Fig. 3b) ] were realized with CLC Sequence viewer 6 (http://mac.softpedia.com/get/ Math-Scientific/CLC-Free-Workbench.shtml).
Prediction of transmembrane helices in proteins was performed using TMHMM server v.2 based on a hidden Markov model (http://www.cbs. dtu.dk/services/TMHMM/).
Results
MLPA analysis
Of the 34 analysed patients, 23 (67.6%) had a homozygous DPY19L2 deletion, 2 were heterozygous (5.9%) and 9 were non-deleted (26.4%; 
DPY19L2 sequencing and HRM analysis
Due to lack of DNA, full sequence analysis could not be performed on three patients. A total of six deletion-negative and two heterozygous patients were analysed by DNA sequencing (Fig. 1) . All 22 DPY19L2 exons and intron boundaries were sequenced for these eight patients. No mutations were identified in five patients. Gene sequencing revealed a total of three point mutations in three individuals. A point mutation was identified on the remaining allele of the two Specific DPY19L2 single nucleotide polymorphisms (SNP) at the 3 ′ ligation site are underlined. Only the hybridizing sequences (left and right oligos) are represented. Universal primers or stuffer are not represented. Total probe length represents the total length of amplification product (nt: nucleotides) ¼ forward universal primers + left oligo sequence + right oligo sequence + reverse universal primers + stuffer (if used).
heterozygously deleted patients who were both of European origin. The first patient carried a heterozygous missense mutation in exon 8 altering the DPY19L2 869th nucleotide: c.869G.A and modifying the 290th amino acid: p.R290H. The second patient carried a heterozygous nonsense mutation in exon 9: c.1024C.T; p.Q342* (Fig. 3) . A third patient, of North African origin, carried a homozygous missense mutation in exon 10: c.1073T.A; p.M358K. We did not have access to DNA from this patient's parents and could not verify that both were heterozygous for this variant to exclude the presence of a small deletion (not detected by MLPA) centred on exon 10. As the parents were first cousins, we consider that it is much more likely that the variant is indeed homozygous.
To exclude the possibility that the identified variants may be common in the studied populations, we performed an HRM of DPY19L2 exon 8 and 9 in 100 individuals of French origin and of exons 10 for 100 individuals of North African origin. The HRM technique represents an efficient way of detecting variants in amplified fragments. Three artificial heterozygous control DNA were tested by HRM for each mutation and showed a characteristic green profile (Fig. 3c) . The homozygous or hemizygous patients were also passed in triplicate and are shown in red. Each profile (homozygous, heterozygous and non-mutated) clearly showed a distinct profile (Fig. 3c) . None of the control DNA samples, shown in blue, presented any abnormal profile for any of the exons tested. Moreover, M358K and Q342* were absent from the most recent database: dbSNP build (build 135, October 2011; http://www.ncbi.nlm.nih.gov/snp/) which regroups sequence data from several thousand individuals. One R290H allele was identified out of 4471 alleles. This low allelic frequency (0.022%) is however not surprising for a recessive trait.
Prediction of the effects of the variants on the mRNA and the protein
The nonsense mutation, p.Q342*, changed a glutamine codon (CAA) into a stop codon (TAA) at amino acid position 342 in exon 9 (Fig. 3a) . This premature stop codon is expected to produce a truncated protein missing 416 amino acids out of the 758 residues of DPY19L2. The other two mutations described here are missense mutations which cause non-conservative amino acid substitutions. Both concern highly conserved amino acids which are located in evolutionary conserved domains of the protein (Fig. 3b) .
The first missense mutation (p.R290H) is an arginine to histidine substitution in exon 8 (Fig. 4a and b) . The utilization of the MutPred algorithms (Li et al., 2009) indicates that p.R290H is deleterious with a probability of 0.785. Furthermore, analysis with MuStab webserver (Teng et al., 2010) predicts that this substitution would decrease the protein stability with a confidence of 83.6%.
The second missense mutation (p.M358K) concerns the substitution of a conserved methionine by a lysine in exon 10. For this mutation, MutPred indicates a deleterious effect with a probability of 0.766. This software also indicates a very probable loss of stability (P ¼ 0.0076), the gain of a catalytic residue at M358 (P ¼ 0.0116) and a gain of ubiquitination at M358 (P ¼ 0.0311). MuStab prediction is also in favour of a decreased stability with a prediction confidence of 89.6%.
False sense or silent exonic variants can also alter RNA splicing by modifying key regulatory signals. We therefore analysed the effect our two variants could have on splicing using HSF Matrice and MaxEnt software. Neither of the two variants introduced an acceptor or a donor site nor were they predicted to have any other obvious effect on splicing.
Prediction of protein conformation
To be able to predict the potential effect of the identified variants we wanted to obtain a 2D model of DPY19L2. All prediction software indicate that DPY19L2 is a multipass membrane protein. We used a TransMembrane prediction program using Hidden Markov Models (TMHMM), a membrane protein topology prediction method which discriminates between soluble and membrane domains with a DPY19L2 point mutations in globozoospermia specificity and sensitivity better than 99% (Kahsay et al., 2005) . TMHMM indicates that the human and mice DPY19L2 proteins have nine transmembrane domains. In the human, the fourth domain is just above the threshold whereas the same sequence in mice is below and is not considered as a transmembrane domain. The opposite happens for mouse exon 7. As the protein function is preserved in both species [DPY19L2 knock-out mice perfectly mirror the human phenotype (unpublished data)], we believe that it is highly unlikely that the protein structure differs between the two species. We therefore think that it is likely that both proteins have 8 transmembrane domains as shown in Fig. 4d . We, however, cannot rule out the possibility that both proteins may have 10 transmembrane domains.
Comparison of sperm parameters
The values measured during routine spermogram and spermocytogram were compared between homozygously deleted patients, those carrying point mutations and those for whom no DPY19L2 molecular alteration had been identified (Table I) . No significant phenotypic difference was observed between these three groups. Patients came from different centres, and despite a common observance of WHO' guidelines (WHO, 1999) , important scoring variations were observed even in genotypically identical individuals. Additionally to the head morphological defect, we observed frequent midpiece and flagellar defects.
Discussion
In total, 23 and 2 patients out of 34 were diagnosed respectively with a homozygous and a heterozygous DPY19L2 deletion. The detection of heterozygous individuals was realized by MLPA which allows a quantitative assessment of DPY19L2 allelic status with more sensitivity and specificity than with other amplification-based techniques. MLPA is less sensitive to DNA fragmentation than other long PCR or other gene dosage techniques (Kozlowski et al., 2007) . According to our experience, this can be particularly useful for the analysis of DNA extracted from saliva which can sometime be of substandard quality (personal experience). A long PCR amplification allowing amplification across the deleted region has been described previously (Koscinski et al., 2011) . Such an approach, combined with exon-specific amplification allows the detection of heterozygous deletions. A negative result will, however, be obtained if the breakpoints fall outside the region covered by the deletion-specific primers. MLPA does not present this shortcoming and allows the detection of any deletion of DPY19L2 whole coding the sequence, irrespectively of the localization of the breakpoints. For the diagnosis of globozoospermia, we therefore recommend initiating the molecular diagnosis by DPY19L2 MLPA to identify all homo-and heterozygously deleted individuals.
Following MLPA analysis, DPY19L2 sequence analysis was carried out when enough DNA was available from the non-homozygously deleted patients. We identified the first point mutations in DPY19L2 in globozoospermia patients thereby yet confirming the predominance of DPY19L2 molecular abnormalities in the globozoospermia phenotype. These results also further confirm that it is the absence of a functional DPY19L2 protein that is responsible for the globozoospermia phenotype and not an indirect effect of the deletion. The first mutation was a non-sense (stop) mutation identified in a compound heterozygous individual carrying a heterozygous deletion. We wanted to assess whether a truncated protein was produced or if the aberrant mRNA was degraded by non-sense mediated mRNA decay. Since DPY19L2 presents a testis restricted expression, we realized an RT-PCR on fresh sperm cells from fertile control individuals but did not obtain any amplification (data not shown). As there was no clinical rationale for conducting a testis biopsy, we could not obtain any mRNA from this mutated patient and could not assess whether the transcript was degraded or not. We believe that the presence of a shortened protein lacking more than half of its sequence would be at least as detrimental to the cell as the total absence of that protein. Irrespective of the molecular physiopathology, we therefore consider that this mutation provokes a complete loss of function. We then wanted to understand the action of the two amino acid substitutions on the protein function. Both variants involve amino acids that are highly conserved throughout evolution and concern amino acids with very different physicochemical properties. We used several software analyses to evaluate the effect these variants have at the protein level and on mRNA splicing. Both variants were predicted to have a highly deleterious effect on the protein but no obvious effect on mRNA splicing. We therefore wanted to better evaluate the localization of these variants on the protein domains. Comparing the prediction of the localization of the transmembrane domains between man and mouse, we postulate that DPY19L2 has 8 transmembrane domains (Fig. 4d) . Based on this prediction, we see that p.R290H is located on an extra-membrane domain. Physicochemical changes resulting from this substitution could modify an interaction site between DPY19L2 and an essential protein partner. The second missense mutation (p.M358K) is predicted to be located in the fifth transmembrane domain. It substitutes a non-polar (M methionine) with a polar amino acid (K lysine). We can therefore predict that this amino acid variation is likely to disrupt a transmembrane domain and potentially the whole anchorage of DPY19L2 in the membrane. These three novel mutations are all located in the central part of the protein (exon 8, 9 and 10), suggesting that this region is likely to have a particularly important function (Fig. 4) . Transfection and expression of wild-type and mutant protein could be carried out ex vivo to better understand the action of these mutations. These mutations could be used to identify DPY19L2 partners by subtractive pull down with wild-type and mutant peptides. This approach would be particularly suited to p.R290H, which is predicted to be located on an extramembrane loop.
The patients presented here consulted for infertility at fertility centres in France and Tunisia. Of the 31 fully analysed patients, 22 (68%) consulted at procreation centres in Tunisia and of 10 who consulted in France, 6 were of North African descent. The four patients of European origin carried DPY19L2 alterations: two were the compound heterozygotes mentioned previously and two were homozygously deleted. Occurrence of genomic recombinations by NAHR such as the DPY19L2 deletion is expected to occur at a similar frequency irrespective of the genetic background of the individuals. This is indeed confirmed by the observation that this CNV was observed in different populations (Shaikh et al., 2009) . The higher incidence of globozoospermia observed in North African men is therefore not likely due to an increased allelic frequency but is more likely to be the manifestation of the high rate of intra-familial marriages specific to this population which strongly favours the emergence of recessive traits.
The values measured during routine spermogram and spermocytogram were compared between homozygously deleted patients, patients carrying point mutations and patients for whom no DPY19L2 molecular alteration had been identified (Table I) . No significant phenotypic difference was observed between these three groups. Additionally to the head morphological defect that is the hallmark of globozoospermia, we observed frequent midpiece and flagellar defects that have seldom been highlighted in the description of globozoospermia. This kind of defect is logical as acrosome formation, sperm head elongation and flagellar elongation are concomitant during spermiogenesis and depend on highly interconnected processes (Kierszenbaum and Tres, 2004) . We currently do not have any clear genotype, phenotype (IVF success rate) correlation as we obtained poor fertilization rates, but could obtain a few pregnancies after ICSI in both groups. Recent work suggests that the low fertilization rate observed with globozoospermatozoa is at least partially caused by a decrease or a defect in PLCz, a protein involved in the induction of calcium oscillations triggering oocyte activation (Yoon et al., 2008; Heytens et al., 2009) . PLCz, mutations have been demonstrated to cause infertility by preventing oocyte activation without inducing a globozoospermia phenonotype (Kashir et al., 2012) . Several centres have tried to overcome this problem using calcium ionophores which facilitate the transport of Ca 2+ across the plasma membrane and artificially activate the oocyte. The utilization of such a chemical is not consensual as it does not mimic the physiological activation of the oocyte, but its usage does seem to improve the overall pregnancy rate (Dam et al., 2007a) . Prospective studies evaluating the success rate of ICSI with or without calcium ionophore on mutated and nonmutated patients should be performed to evaluate the prognosis of these patients with different protocols. A total of 34 globozoospermic patients are presented in this study. Overall 23 (67.6%) were homozygous for the DPY19L2 deletion. MLPA analysis indicated that two (5.9%) were heterozygous for the genomic deletion. A point mutation was indentified in the non-deleted allele of these two patients. Nine individuals (26.5%) did not carry a deletion, however due to a lack of DNA, only six patients could be fully sequenced and one was found to carry a homozygous point mutation. Overall, a molecular defect of DPY19L2 was therefore identified in 26 out of 31 of the fully analysed patients (84%), confirming that the vast majority of type I globozoospermia is indeed caused by a molecular defect of DPY19L2. As a clinical diagnostic strategy, we recommend first looking for the presence of the DPY19L2 genomic deletion. For that, we advocate the use of an MLPA approach to easily determine the number of DPY19L2 alleles for each patient, independently of the localization of the breakpoint and of DNA quality. DNA sequence analysis is then required for individuals with a heterozygous deletion as a point mutation was identified in the two heterozygous patients we analyzed. We also advise sequencing the non-deleted patients as we identified one homozygous mutation out of 6 sequenced patients (16%). Due to the presence of the pseudogene, however, full sequence analysis of the 22 exons remains challenging as well as costly. As this diagnosis does not yet provide any clear prognostic or therapeutic indication, a systematic sequencing might not be practical as a routine analysis. We believe, however, that a full DPY19L2 investigation and follow up of ICSI attempts will help gain a better comprehension of the DPY19L2 function. This could lead to a better comprehension of the physiopathology of globozoospermia and might finally translate into adequate counselling and recommendations for the patient's treatment and might even lead to the identification of new therapeutic solutions.
